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Self-Assembling AmphiphiJe* for Construction 
of Peptide Secondary Structures 

Baikgtflimd « f fhft Inventiol> 

5 Biomolecules, such as proteins, are remarkable In their capability to 

self-assemble into well-defined and intricate structures. The most intriguing 
self-assembly process is the folding of peptide chains into native protein 
structures. The fundamental building blocks in proteins are not simple canonical 
secondary structures (such as a-helices and p -sheets), but characteristic 

10 assemblies of secondary structural elements. Among the protein assemblies are 
the simple p/a/p motif, the hairpin, and the a-heiical cotled-coil, as well as the 
more complicated four o>helicel bundle, the doubly wound p-sheel, the Jelly 
roll, and the Greek key. 

Many researchers have attempted to create protein-like assemblies for 

15 the purpose of studying protein folding, and to create new biomaterials for use in 
medical devices and other medical applications such as drug delivery systems. 
The most common assembly used for protein design is the fow a-helleal bundle, 
which has been developed as a synthetic enzyme, for redox catalysis, for 
antibody production, as ion channels in lipid bilayers, and as surface mimetics of 

20 human class I MHC, The collagen-model triple-helix has also been used for 
protein design. Synthetic triple-helical proteins have incorporated native type IV 
collagen sequences that promote adhesion and spreading of tumor cells and 
native type III or IV collagen sequences that induce the aggregation of platcletB. 
See, for example. Fields et al., i ww char... 268, 14153-14160 (1993); Miles 

25 - al, L chem ~ 2& 30939-30945 (1994); Grab et al„ J , fifol , Chcm ., 221, 
1 2234-12240 (1 995); Morton et aK, ThmmhOfiifi Rtt.. 22. 367-372 (1 993); and 
Rao et .1 I »W <W- 13899.13903 (1994). 

The triple-helix is a super- secondary structure characteristic of 
collagen. Collagen-like triple-helices are also found in macrophage scavenger 

30 receptors types I and II and bacteria-binding receptor MARCO, complement 
component Clq, pulmonary surfactant apoprotein, acetylcholinesterase, and 
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mannose binding protein. The triple-helix consists of three polypeptide chains, 
each in an extended, left-handed polyPro Il-like helix, which are staggered by 
one residue and then super coiled along a common axis in a righV-handed manner. 
Geometric constraints of the triple-helical structure require (hat every third 

5 amino acid is Giy, resulting in a Gly-X-Y repeating sequence. Stability of the 
triple-helix depends upon the imhto acid content. Furthermore, hydroxyproline 
(Hyp) stabilizes the triple-helical structure by facilitating the formation of a 
hydrogen bonding network with surrounding water molecules. For simple 
collagen-model peptides, (Oly-Pro-Hyp), forma the most thermally stable 

10 triple-helices, with a melting temperature (FJ of 58-60*C when n - 1 0, 

Several strategies have been employed in order to induce triple-helical 
structure formation in isolated collagen ligand sequences. See, for example, 
Fields, rw-TTMim . 21, 235-243 (1995). Simply adding a number of 
Gly-Pro-Hyp repeats to both ends of a collagenous sequence can, under certain 

1 5 circumstances, induce triple-helical conformation. However, even with more 
than 50% of the peptide sequence consisting of Gly-Pro-Hyp repeats, the 
resulting triple-helices still may not have sufficient thermal stability <Xm < ^ ° c ) 
to survive physiological conditions. Substantial stabilization of the triple-helical 
structure can be achieved with the introduction of covalent links between the 

20 C-teiminal regions of the three peptide chains. See, for example, Fields etal.,L 
Biol. Chem.. 268. 14153-14160 (1993); Grab etal., I Rfol. Chfim., 221, 12234- 
12240 (1995); Fields et al, Bifipabansa. 21. 1695-170? (1993); Fields et *L, 
T.gff. P«ntide Sci.. J, 3-16 (1996)', and Fields et al., ftnfll, BlOtto., 22L 57-64 
(1995). However, the large size (90-125 amino acid residues) of the resulting 

25 "branched" triple-helical peptide compounds make them difficult to synthesize 
and purify. Ideally, one would like to create a system by which synthetic linear 
peptide chains self-assemble into desirable secondaiy structures (including 
super-secondary structures). 

Thus, what is still needed are complexes of synthetic linear peptide 

30 chains that self-assemble into secondary structures. Specifically, what is needed 

2 
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are approaches to building a collagen-like structural motif that facilitate peptide 
alignment and structure initiation and propagation. 



summary ftf the rnvantton 

5 The present invention provides a peptide-amphiphile complex 

comprising a lipophilic portion and a peptide portion, wherein the peptide 
portion ha* a secondary structure. Preferably, the peptide portion comprises a 
cell recognition site. Preferably, the secondary structure is an a-helix or p^sheel, 
or a super-secondary structure, such as a collagen-like triple helix, a (Va/p motif, 

1 0 a hairpin, and an o>helical coiled-coil. More preferably, (he secondary structure 
is the supcr-Becondary structure collagen-like triple helix. Preferably, the 
peptide secondary structure is stable under physiological conditions (i,e„ pH = 
7.4 and temperature - 3 5 *C). More preferably, the melting temperature of the 
peptide portion is at least about 36*C. 

15 Preferably, the lipophilic portion comprises two linear alkyl chains and 

a (rifunctional amino acid. More preferably, each alkyl chain has up to about 20 
carbon atoms and the trifunctional amino acid is glutamate (Glu). 

Preferably, the peptide portion includes no greater than about 25 amino 
acid residues. More preferably, the peptide portion comprises a collagen-like 

20 sequence or an alpha-helical forming sequence. Most preferably, the peptide 
portion comprises the alflV) 1263-1 277 collagen sequence 
Gly-VaI-Lys-Gly-Asp-Lys-01y«Asn-Pro.Gly-Trp-Pro-Gly-Ala-Pro (SEQ. ID 
NO: 1 ). The peptide portion can optionally include one or more structure- 
inducing sequences, such as Gly-Pro-Hyp repeats and Gly-Pro-Pro repeats. 

25 The peptide-amphiphile complex can be in the form of a vesicle, such 

as a liposome, or it can be in the form of a micelle. These can be used as drug 
delivery devices for targeted cells. 

The present invention also provides a peptide-amphiphile complex 
comprising a lipophilic portion and a peptide portion, wherein the peptide 

30 portion has a secondary structure, the complex having the following structure: 



i -i / a / n s . f.ftRT Version: 2.0.1.4 




wherein: R' and R 2 are each Independently C w -C» hydrocarbyl groups 
(preferably C,j-C, 6 hydrocarbyl groups); m - 0-4 and n » 0-4 (preferably with 
5 the proviso that at least one of m or n is 4); and the [peptide] refere to a collagen- 
like sequence or an alpha-helical forming sequence (preferably, the 
ctl(jrV)126M277 collagen sequence 

Gly»Vai-Ly».01yA8p-Ly^Gly-ABD-Pro-Gly-TTp-Pro.Gly-Ala»Pro (SEQ. ID 
NO: I). In the above formula, the "peptide portion" includes the optional 
1 0 Gly-Pro-Hyp sequences and the (peptide] sequences. 

ffi.t»f TlMrrintinn of the Drawings 
Fig, 1. Surface pressure-area isotherms of collagen-model 
peptide^mphiphiles. All peptide-amphiphilc isotherms converge at surface 
1 5 pressure values of above 50 mN/ra at a surface area of 0.6 nm'/molecule. This 
surface area is different from the exclusion volume (0.4 nraVmolecule) for a 
dialkyl chain amphiphile molecule [e.g. (C f6 ),-CHu-C,<Gly]. 

Fig, 2. Circular dichreism spectra of collagen-model peptides and 
peptide-wnphiphiles. Positive values of duplicity in the raoge X = 215-245 nm 
20 are attributed to an ordered, poly-Pre II like structure. Amongst the investigated 
peptides, only (Gly-Pro-HypJc/^-^-CGIy-Pro-Hyp)! shows this structure 
distinctly. However, except for (C„) !r Glu-C 2 -//l'-///;, all peptide-amphiphiles 
display a positive signal with the residual ellipticity corresponding to (he 
maximum values reported for triple-helical structures. Solutions of 
25 (Ci,),-Glu-Cj-Gly (the lipid tail without a collagenous head group) show little 

4 
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positive or negative elliptioity over the range Y ■ 190-250 tun (data not shown). 

Fig. 3. Temperature dependence of circular dichroism elHpticlty per 
amino acid residue for collagen-model peptides and peptide^ampmphilea, 
5 Amongst the peptides, only (01y-PrQ-Hyp) 4 -/7K-/f;j.(G1y-Pw.Hyp)« displays a 
thermal denatwatioo curve typical for collagen-like triple-helices, with a T n ~ 
36°C. AH peptide-amphiphiles, except (C^rGlu-Cr/H'-JW. the* * more 
gradual transition stertins at 30-40'C and finishing at about 80°C. 

The present invention provides a peptide-amphiphile complex 
comprising a lipophilic portion (e,g„ tail) and a peptide portion (e.g., head 
group), wherein the peptide portion has a secondary structure. Although 
lipidated peptides and proteins ate known (see, for example, Jain et al., 

15 I^ahBdaaLLfilL, 22. 2317-2320 (1 981); Thompson et al., Bioghim. BiophYB, 
Acta, 22Z, 10-19 (1984); and Casey, Scjsnss, 2ifi, 221-225 (1995)], none have 
been shown to display secondary structure. 

The peptide portion preferably contains a biological function, such as a 
cell recognition site, and optionally one or more structure-inducing sequences. 

20 The liphophilic portion typically does not detract from the structure of the 
peptide portion, and it may enhance and/or stabilize the structure of the peptide 
portion. In some situations, it may even facilitate or induce the structure 
formation by aligning the peptide strands, as well as provide a hydrophobic 
surface for self-association (i,e„ association without the formation of covalent 

25 bonds) and/or interaction with other surfaces. Thus, the lipophilic portion is also 
capable of forming a lipid-like structure, such as a micelle. 

When placed in an aqueous environment, the amphophilic character 
(i.e., hydrophobic tail and hydrophilic head group) of these complexes facilitates 
peptide alignment and structure initiation and propagation at the lipid-solvent 

30 interface. Thus, the complexes of the present invention are advantageous 

5 
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because they can noncovalently self-assemble to form a stable secondary 
(preferably, collagen-like triple helical) structural motif. 

The peptide portions of the peptide-amphiphile complexes described 
herein form secondary structures. Herein, a "secondary structure" includes 
5 simple secondary structural elements* such as a-helices and p-sheets, as well as 
assemblies of secondary structural elements (i .e., super-secondary structures or 
motifs), such as collagen-like triple helices, p7a/|J motifs, hairpins, a-helical 
coiled-coils, etc. 

Significantly, these structural elements are preferably stable> primarily 

10 due to optional internal structure-inducing sequences and/or stabilizing 
hydrophobic interactions of the lipophilic tail. As used herein, a "stable" 
structural element is one that withstands physiological conditions without 
substantially losing its structure. This stability can be represented by the melting 
temperature of the peptide portion, which is preferably at least about 36 °C. 

15 Significantly, this stability occurs without the need for covalent links, for 
example, between the C-terminal regions of three peptide chains. 

The lipophilic portion can be any organic group having at least two 
long alky I groups (preferably, linear chains) that are capable of forming lipid- 
like structures. This organic group also includes suitable functional groups for 

20 attachment to the peptide portion. Preferably, the lipophilic portion is a 
branched group having two linear alkyl chains, each having up to about 20 
carbon atoms in each chain. These alkyl chains are typically attached to the 
peptide portion through a linker group having suitable functionality such as ester 
groups, amide groups, and combinations thereof. Suitable lipophilic portions 

25 can be derived from compounds such as, for example, dialkylamines, 

dialkylesters, and phospholipids. Preferably, they are derived from dialkylesters. 
More preferably, the lipophilic portions of the complexes of the present 
invention have two (VC* alkyl chains, which are attached to the peptide 
portion through a linker, such as a trifunctional amino acid. Typically, the linker 

30 is glutanuitc. 

6 
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The peptide portion can be derived from any peptide (oligopeptide, 
polypeptide, or protein) that is capable of forming a specific structural element, 
to form the complexes of the present invention. Preferably, the peptide portion 
has biological activity, such as cell recognition activity, enzymatic activity, etc. 

5 The peptide portion can include a wide variety of amino acid residues in a wide 
variety of lengths, as long as the peptide portion is not so long that it detracts 
from the lipophilic portion forming a lipid-Uke structure such as a micelle. 
Preferably, the peptide portion includes no greater than about 25 amino Boid 
residues, and more preferably about 15-18 amino acid residues. Examples 

10 include, but are not limited to, the at (IV) 1 263-1 27 7 collagen sequence 
Gly-Val-Lys-Oly.Asp-Lys-Gly-A8n-Pro^ly-Tn)-Pro-01y-Ala-Pro (herein 
referred to as [IV-HlJai SEQ. ID NO:l) and other collagen-like sequences (i.e.. 
sequences having Gly-x-y repeats), as well as alpha-helical forming sequences. 
The peptide portion can optionally contain one or more structuw 

1 5 inducing sequences, although they are not necessarily required. In some 

situations, such structure-inducing sequences may provide greater stability to the 
peptide portions of tbe complexes of the present invention. Examples include 
Gly-Pro-Hyp repeats, Gly-Pro-Pro repeals, and the like. Preferably, the 
structiire-inducing sequences are capable of inducing triple helical structures. 

20 A preferred class of peptide-amphiphile complexes is exemplified by a 

long chain dialkylester lipophilic (i.e., lipid) tail bonded to a peptide head group 
of the following formula: 




I 

^X<J1y*I , '«'Hyp) m -lptptidB}'(OlyPro'Hyp)n 



wherein: R 1 and R* are each independently Cp-Cjp hydrocarbyt groups 
25 (preferably, C a -C 16 hydrocarbyl groups); m = 0-4 and n « 0-4 (preferably, at 

7 
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least one of m or » is 4); and tpeptide] refers to a collagen-like sequence or an 
alpha-helical fotming sequence (preferably, a collagen-like sequence). More 
preferably, the [peptide] is the al(IV)1263-1277 collagen sequence 
Gly-Val-Lys-Gly-Asp-Lys-Giy-AwPro-Gly-Trp-Pro-Qly-Ala-Pro (SBQ, ID 
5 NO: 1), which is known to promote melanoma cell adhesion and spreading. 
Using this peptide, the lipid assists in creating a collagen-like 
peptide-amphiphile. The resultant peptide-amphiphile complex also promotes 
cell adhesion and spreading. 

The complexes of the present invention can be made by a variety of 
10 solid-phase or solution techniques. For example, although the peptides can be 
prepared by other methods (e.g., solution methods) and then attached to a 
support material tor subsequent coupling with the lipid, it is preferred that 
standard solid-phase organic synthesis techniques, such as solid-phase peptide 
synthesis (SPPS) techniques be used. That is, a peptide can be synthesized, 
15 subsequently attached to a support material, coupled with a lipid, and then 
removed from the support material using a variety of techniques. Preferably, 
however, the peptide is synthesized on a support material, coupled with the lipid, 
and then removed from a support material using a variety of techniques. 

For the preparation of peptides (oligopeptides, polypeptides, or 
20 proteins), solid-phas* peptide synthesis involves a covalent attachment step (i.e., 
anchoring) that links the nascent peptide chain to a support material (typically, 
an insoluble polymeric support) containing appropriate functional groups for 
attachment. Subsequently, the anchored peptide is extended by a series of 
addition (deprotection/coupling) cycles that involve adding N".protected and 
25 side^haln-protected amino acids stepwise in the C to N direction. Once chain 
assembly has been accomplished, protecting groups are removed and the peptide 
is cleaved from the support. Typically, the lipid is added to the peptide before 
the protecting groups are removed. 

Typically, SPPS begins by using a handle to attach the initial amino 
30 acid residue to a functionaltzed support material. A handle (i.c, linker) is a 
afunctional spacer that, on one end, Incorporates features of a smoothly 
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deavable protecting group, and on the other end, a functional group, often a 
carhoxyl group, that can be activated to allow coupling to the rationalized 
support material. Known handles include acid-labile p-alkoxybenzyl (PAB) 
handles, photolabile e-nitrobenzyi ester handles, and handles such as those 
5 described by Albericio et aL, ,1 Org, Oft 55. 3730-3743 (1 990) and 
references cited therein, and in US. Patent Nos. 5,1 17,009 (Barany) and 
5,196,566(Baranyetal.). 

For example, if the support material is prepared with ammo-functional 
monomers, typically, the appropriate handles are coupled quantitatively in a 
1 0 single step onto the amino-functionalized supports to provide a general starting 
point of well-defined structures for peptide chain assembly, The handle 
protecting group is removed and the C-terminal residue of the N ft -protected first 
amino acid is coupled quantitatively to the handle. Once the handle is coupled to 
the support material and the initial amino acid or peptide is attached to the 
1 5 handle, the general synthesis cycle proceeds. The synthesis cycle generally 
consists of deprotection of itheN a -amino group of the amino acid or peptide on 
the support material, washing, and, if necessary, a neutralization step, Mowed 
by reaction with a carboxyl-activated form of the next M°-protected amino acid. 
The cycle is repeated to form the peptide of interest. Solid-phase peptide 
20 synthesis method* using foncuonalteed Insoluble support materials are well 
known. See, for example, Merrifield.j ftm,Qttm, Sto»13» 2149 (1963); 
Barany and Merrifield, In ffitfiiifis, Vol. 2, pp. 1-284 (1979); Barany et *W InL-L 
Pppti^PrnteinHea.. 20. 705-739 (1987); Fields et al., In Synthetic Peptides; A 
ii^s Guide (O. A. Grant. Bd.), Chapter 3, pp. 77-183, W.H. Freeman and Co., 
25 NY (1992); and Fields et al., In! T Bfiplidfc&Hieftl&tt* 25, 161-214 (1990). 

When SPPS techniques are used to synthesize the peptides on the 
support material, Fmoc methodologies are preferably used, This involves the 
use of mild orthogonal techniques using the base-labile N a -9- 
fluorenylmethyloxycarbonyi (Fmoc) protect group. Fmoc amino acids can be 
30 prepared using fluorenylmethyl euccinimidyl carbonate (Fmoc-OSu), Fmoc 
chloride, or [4-(9-fluorenyln^thyloxycarbonyloxy)ph«nylldimemylsuifonium 
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methyl sulfate (Fmoc-ODSP). The Fmoc group can be removed using piperidine 
in dimethyl formamide (DMF) or N-methylpyrrolidone, or using 1,B- 
diazabicyclc[5.4.0]undec-7-ene (DBU) in DMF. After Fmoc removal, the 
liberated N'-amine of the supported resin is free and ready for immediate 

5 attachment of the lipid without an intervening neutralization step. The 

immobilized amphiphilic analog of the desired peptide can then be removed, for 
example, using trifluoroacetic acid (TFA) at room temperature. Such Fmoc 
solid-phase peptide synthesis methodologies are well known to one of skill in the 
art and arc discussed in Fields et al„ In RynThftria Peptide: A User's Guide 

10 (O.A. Grant, Ed,), Chapter 3, pp. 77-183, W.H. Freeman and Co., NY (1992); 
and Fields et aL, InLI Ettfida &aian Sffl*. 25, 161-214 (1990). 

A variety of support materials for preparation of the complexes of the 
present invention can be used. They can be of inorganic or organic materials 
and can be in a variety of forms (e.g., membranes, particles, spherical beads, 

15 fibers, gels, glasses, etc.), Examples include, porous glass, silica, 

polystyrene, polyethylene terephthalate, polydlmethylacrylamides, cotton, 
paper, and the like. Examples of suitable support materials are described by 
Fields et »l Int. J. Peptide Protein Res.. 35. 161 214 (1990); awJJSjmlufilif 
P T tirW Allssr'sfliiide (G.A. Grant, Ed.), Chapter 3, pp. 77-183, W.H. 

20 Freeman and Co., NY (1992). Fuoctionalraed polystyrene, such as amino- 
functionalized polystyrene, aminomethyl polystyrene, aminoacyl polystyrene, 
/?-me<hylberahydrylamine polystyrene, or polyethylene glycol-polyatyrene 
reainB can be used for (his purpose. 

The peptide~amphiphil» complexes described herein provide a simple 

25 and general approach for building stable protein structural motifs using peptide 
head groups. One of the most intriguing features of this system is the possible 
formation of stable lipid films on Bolid substrates, or the use of the novel 
amphiphiles in bilayer membrane systems, where the lipid tail serves not only as 
peptide structure inducing agent but also as anchor of the functional head group 

30 to the lipid assembly. In general, the present peptide-amphiphiles may form a 
great variety of structuies in solution including micelles and vesicles. They can 

10 
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also be mixed with veaicle-fbrraing lipids, such as dilauryl phosphatidylcholine, 
to form stable mixed vesicles with coUagerwnodel, triple-helical peptide head 
groups. For example, a drug targeting system against melanoma cells can be 
designed using vesicles corrtaining the [IV-H1J pepude-amphiphile. 
5 The invention will be Anther described by reference to the Mowing 

detailed examples. These examples ate ottered to further illustrate the various 
specific and illustrative embodiments and techniques. It should be understood, 
however* that many variations and modifications may be made while remaining 
within the scope of the present invention. 

10 

Example 

MATERIALS AND METHODS 
Preparation of Peptide-Amphipbiles 

The dialkyl ester lipophilic tail precursors l'^-dihexadecyl N-[0-<4- 

15 ratrophenyJ)suocinyl].L.01u [designation (C^-Glu-CrpNp], l^ditetradecyl 
N-[0-(4-nitxophenyl)succinyl]-L-Glu [designation (C^-Gfu-Cs-pNp], ««d r.3 1 - 
didodecyl N-[0-(4-nitrophenyl)succinyl]-L-Glu (designation (C„) 1 -GliJ*C,.pNpJ 
were synthesized according to the following procedure described for the 
preparation of I'^'-dmexadecyl N-[0-(4.nitrophenyl)succinyl3-L-GIu. The C M 

20 and C* tails were prepared using 1 -tetradecyl alcohol and 1 -dodecyl alcohol in 
place of hexadecanol, respectively. 

Hexadecanol (44.R5 g, 0.1 85 mol) and Glu (1 3.6 g, 0.092 mol) were 
mixed with 21 .0 g (0,102 mol) of p-toluenesulfonate In toluene, and the mixture 
was heated until an equimolar amount of water was recovered in a Dean-Stark 

25 trap. The toluene was removed, and the product (l',3'-dihexadecyl-L-8lutamate) 
reciystoUized from acetone. TLC (silica gel methanol(l):chloroform(99)): 
Rf 0.3 (product), 0,05 (free amine). This product (20 g. 26 mmol) was dissolved 
in a 1 :1 THF:CHC1, mixture along with triethylamine (5.5 ml, 39 mmol). 
Succinic anhydride (3.9 g, 39 mmd) was added with stirring. The mixture was 

30 kept for 4 hours at 30*0, The product (1 \3'-dihexadecy! N-succiny 1-L- 



11 



11/9/05, EAST Version: 2.0.1.4 



WO98/0T7S2 



PCI7U89&14I45 



glutamate) obtained after removal of the solvent was recrystallized from acetone 
and ethanoL TLC (silica gel Kj60, methanol(4):chloroform(96))j R, 0,4 (product). 
This product (6,90 g, 9,9 mmol) and p-nitrophenol (1 .65 g J 1 .9 mmol) were 
dissolved in CH,Q a , and 2,05 g (9.9 mmol) of N,N-dicyclohcxyicarbodiimide as 

5 well as a catalytic amount (80 g) of (dimethylamino)pyridine was added to the 
reaction mixture on an ice bath. The reaction was continued for 2 hours on the 
ice bath and for 24 hours at room temperature. The formed dicyclohexylurea 
was filtered off, and the reaction product (I'^'-dihexadecyl N-IQ-{4- 
mtropheny])succinyl]-LJglutamate) was precipitated with cold dry ethanol. TLC 

10 (silica gel K60, methanol(S):chloroform(95)): Rr0,7 (product). 

All standard peptide synthesis chemicafa and solvents were analytical 
reagent grade or better and purchased from applied Biosystems, Inc. (Foster 
City, CA) or Fisher Scientific (Pittsburgh, PA). Fmoc-4-(2 , ,4'- 
dimethoxypbenylaminomethyl)pbenoxy resin (substitution level = -.46 mmol/g) 

15 was purchased from Novabiochem (La Joila, CA). All Fmoc-amino acid 
derivative* were from Novabiochem or Millipore Corp. and were of L- 
configuration. 1-Hydroxybeozotriazole (HODt) was purchased from 
Novabiochem, 2-(lH-benzotriazole- 1 -yl)- 1 , 1 ,3,3-tetrarocthyluronium 
hexafiuorophosphate (HBTU) from Richelieu Biotechnologies (St. Hyaclnthe, 

20 Quebec), and N.N'diisopropylethy lamine (DIEA) from Fisher Scientific 
Peptide-resin assembly was performed by Fmoc solid-phase 
methodology on an ABI 431A Peptide Synthesizer as discussed in Fields et al„ 

i PuptiHP. Protein Res.. 31, 161-214 (1990); Fields el al„ PgplideRg ., L 95- 
101 (1991); Lauer eta] r*tt PmtideSri.. 1. 197-205 (1995); and Fields et aL, 

25 Peptide Rea. . 39-47 (1 993). Peptide-resins were characterized by Edman 
degradation sequence analysis as described for "embedded" (noncovalent) 
sequencing in Fields et el., P^kfiSL, fi, 39-47 (1 993). Peptide-resins were 
either cleaved or lipidated with the appropriate (C„)i-Glu-C a tail and then 
cleaved. 

30 For example, N-dibexadecyl N-[l -(N-pcptidyl)succinyl]-L-giutamates 

were synthesized by incubation of the appropriate NHj-peptldyl-resio (obtained 
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after incubation of the ftilly protected Fmoc-peptidyl resin for 20 minutes in 
piperidUie/dimrthylforniamide 0 :4) and washing with DMF) with 4-fold 
molecular excesses of N-dihexadecyl N«[0<4-rutrophenyl)-suceinyl}-L- 
gJutaraate and I-hydraybenwtriazole over the substitution level of the resin in a 
5 DMF(1 );CH,a a (l ) mixture, 

Cleavage and side-chain deprotection of peptide-resins and peptide- 
amphiphile.resinB proceeded, for example, for 1 hour using either ethanedithiol- 
thioanisole-phenol water TFA (2.5:5:5:5.82.5) or wateivTFA (1:19) as described 
by King et al., In! I BflgldxEfflttillflffl., 2fi, 255-266 (1 990); and Fields et ah, 

J 0 TMn.heHmnT.ett. . 24, 6661-6664 (1 993). Peptide-amphiphile cleavage solutions 
were not extracted with methyl tBu ether prior to purification. 

Peptides and pepude-amphiphiles were purified using reversed-phase 
high performsnce liquid chromatography (RP-HPLC) on a Rainin AutoPrep 
System. Peptides were purified with a Vydec 2 J 8TP1 52022 C„ column (15-20 

1 5 jim particle size, 300 Angstrom pore size 250 x 25 mm) at a flow rate of 5.0 
ml/minute. The elution gradient waB either 0-60% B or 0-100% B in 60 minutes, 
where A was 0.1 % TFA in water and B was 0,1 % TFA in acetonltrile. Detection 
was at 229 nm. Peptide-amphiphile purification was achieved using a Vydac 
21 4TPI 52022 0, column (15*20 urn particle size, 300 Angstrom pore size, 250 

20 x 22 mm) at a flow rate of 1 0 ml/minute. The elution gradient was 55-90% B in 

* 20 minutes, where A was 0.05% TFA in water and B was 0,05% TFA in 

Bcetonitrile. Detection was at 229 nm. Analytical RP-HPLC was performed on 
a Hewlett-Packard 1090 Liquid Chromatograph equipped with a Hypersil C„ 
column (5 [an particle size, 120 Angstrom pore size, 200 x 2.1 mm) at a flow 

25 rate of 0.3 ml/minute. The eJution gradient was 0-60% B in 45 minutes, where 
A and B were the same as for peptide purification. Diode army detection was at 
220, 254, and 280 nm. 

Purity and composition of the final compounds was assured by Edman 
degradation sequence analysis of the peptides and analytical RP-HPLC and laser 

30 desorption mass spectrometry (LDMS) of the peptides and peptide-amphiphiles. 
Edman degradation sequence analysis was performed on an Applied Biosyatems 
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477A Protein Sequcncer/i20A Analyzer. LDMS was performed on a Hewlett 
Packard matrix-assisted laser desorption umc-of-flightmass spectrometer. 
PABMS was performed on a VO 7070E-HP with a glycerol matrix. 

The following {M+H] r values for peptides and peptide-amphiphiles 

5 were obtained: [IV-HIJ, 1436.8 Da (theoretical 1436.6 Da); (Gry-Pro-Hyp)^- 
Hl], 2502.5 Da (theoretical 2502.7 Da); /77-WKO!y-Pro-Hyp)«, 2502.6 Da 
(theoretical 2302.7 Da); (GiyPn-HnMIV-HIHGly-fro-Hw)* 3574.2 Da 
(theoretical 3574.9 Da); (C^-Gi^CrflV-HO-Tyh 2277.2 Da (theoretical 
2278.4 Da); (C^^lu-Ct^Gly^Pro-HypV/^-W;. 3184.6 Da (theoretical 
10 3183.8 Da); (C 14 ),-Olw-C 1 -//K-/Y//-(Gly-Pro-Hyp) < , 3130.8 Da (theoretical 
3127.8 Day, (C^b^-pV-Hl], 2003.6 Da (theoretical 2002.6 Da); {C ( &- 
Olu-C,-(Gly-Pro.Hyp)r/^-WJi 3075.8 Da (theoretical 3071.8 Day, (C^-Glu- 
CfflV-m /-(Gly-Pro-Hyp)* 3076.9 Da (theoretical 307 1 .8 Da). For the (C ( i)j- 
Olu-C a -(01yPro-HypV//^7-(G , y* ?ro - H yP^ pcptto-amphlphlle, [M+W * 

1 5 4166.8 Da (theoretical 4162.9 Da), 

Pressure-Am Isotherms 

All isotherms were obtained at 22°C after spreading a peptide 
amphiphile solution in hexane-CHCl r methanol (5:4:1) over a pure water 
20 aubphase. After 1 5 minutes, the monolayer was compressed laterally with 
constant speed for 1 0 mm/minute on a computerized KSV LBSOOO Langmuir- 
Blodgett instrument and surface pressure detected using film balance with a 
platinum Wilhemy plate. 



25 Circular Dtchroism Spectroscopy 

Spectra were recorded on a JASCO J-7 1 0 spectropolarimeter using a 
Ihermostated 0. 1 mm quartz cell. Thermal transition curves were obtained by 
recording the molar ellipriclty ([8}) in the range of 1 0-80'C at X = 225 nm. Tl 
peptide and peptide-amphiphile concentrations were 0.5 mM in H,0 at 25 
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NMR Spectroscopy 

Freeze-drled samples for NMR spectroscopy were dissolved in DjO or 
DjOHjO (1 \9) at peptide and peptide-smphiphite concentrations of 3-5 mM; 
NMR spectra were acquired on a 500 MHZ Bruker AMX-500 spectrometer at 

5 10 t 25, 50, and 80 »C. Two dimensional total correlation spectroscopy <TOCS Y) 
and nuclear Overhauser effect spectroscopy (NOESY) were performed with 256 
tl increment andl 024 complex data pointB in the t2 dimension. TOCS Y spectra 
were obtained at mixing times of 40-1 50 milliseconds, NOESY spectra were 
obtained at mixing times of 60-250 milliseconds. The spectral widths were 6024 

10 Hz in both dimensions. 

RESULTS 

While the [IV-Hl ) peptide and variants without lipid tails were not 
surface active, formation of monolayers at the air-water interface was observed 

15 for all investigated collagen-like peptide-amphiphiles. For (CrsJrOlii-d and 
(Cn)r-aiu-C, derived peptide-amphiphiles, surface pressure (which can be 
interpreted as a measure of resistance of amphlphile molecules against lateral 
compression) could be detected at surface areas of 2-3 nmVmolecule (Figure 1). 
The surface pressure increased gradually as the monolayer was compressed for 

20 peptide-amphipnilcs containing both [fV«Hl] and CHy-Pro-Hyp repeats. At a 
surface of 0.6 nmVmolecule no further compression was possible and the 
monolayer reached the maximum surface pressure and collapsed. The common 
value of 0.6 nm J Attolecule for the limiting surface area of (C^r-Glu-CHGty- 
Vn-HriU-flV-Hl) and (C M )a-Glu-<:,-/7^//Wy^ro-Hyp)4 

25 peptidE-amphiphUes can only be explained assuming a fully stretched, elongated 
peptide head group. Prior, ray crystallographic analyses of a triple-helical 
peptide revealed hexagonal-packed trimers with axis-to-*xis distances of 1 .4 nm. 
The calculated surface area for this triple-helical peptide would be 1 .7 
nmVtrimer, very close to the surface area of 1 .8 nnrVtriroer for the peptide- 

30 amphiphiles studied here. 
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A dependency of the Jt-A isotherm on the length of the dialkyi tail for 
the investigated peptide head groups for alky! chains larger than C,« was not 
observed. The »* isotherms for C„ amphiphiles repeat the trend thai was 
observed for mphiphiles with longer alkyl chains, though monolayers of the 

5 former are not as stable at room temperature. However, good solubility in the 
aqueous subphase makes C a compounds well suited far spectroscopic 
investigations, Spectral observations »r only the C a amphiphiles are reported 
below, but the main spectral features have been observed independent of the 
ampblphile tall length, 

l0 Coilagens in triple-helical conformation exhibit a circular dichroism 

(CD) spectrum similar to a poly-Pro II helix, with positive ellipticity from X - 
215-240 nm. At 2S>C, CCMy-Pro.HypV/W-W"^ -P^Hyp), was found to 
exhibit this characteristic CD spectrum (Figure 2). For (GlyPro-Hyp)^-W; 
and //K-iWKGly-Pro-Hyp)< a small magnitude of positive ellipticity at X - 225 

15 nm was observed, while the [IV-H1] peptide did not show any positive ellipticity 
at this wavelength. Of the peptide^mphiphiles, V^^Wf-HI] displayed 
a CD spectrum similar to that of [[IV-MIJ (no positive ellipticity at X = 225 nm), 
while the other three amphiphiles showed a large magnitude of positive 
ellipticity at X> 220 nm. Most remarkably, the ellipticity per residue for the 

20 amphipWUecompoimds(C,^^ 

(Ci a ) 1 -Glu-C l -/'/^y-(Gly-Pro-Hyp)„ snd 

CC u ) r aiu-c r (oiy-^^ was * bout 5 timM larRcr 

than that of (Qly-Pro-HypV/Z^KGly-P^P^ < Fi * urc 2) ' tod 
approximately equal to that of (Gly-Pro-Hyp) |0 . These ellipticity per residue 

25 values indicate a maximal ordered structure for 
(C^rQiu-CHG^ 

snd (C aa ) r aiu-C s -(Ol y ^ U ** a " 

residues in these three peptidcamphlphiles are in triple-helical conformation. 

A triple-helical assembly can be distinguished from a simple, 
30 non.intereoiledpoly.Pro II structure by its thermal denaturatlon behavior. A 
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triple-helix is relatively sensitive to temperature, as it is stabiliiod by a hydrogen 
bonded intra- and inter-strand water network. Triple-helical melts are highly 
cooperative. The thermal stability of peptide* and peptideMunphiphiles were 
studied by monitoring ellipUcity at X - 225 nm as a function of increasing 

5 temperature. Amongst the peptides, only 

(Oly-Pro*Hyp)r//^-W ;-(Gly-Pw-Hyp) 4 gave a typical sigmoidal transition 
associated with the transformation of triple-helical to single-stranded structure 
(r re= 36«»C) (Figure 3). //y-W-(Gly-Pro-Hyp)« showed a small magnitudeof 
positive ellipticity which decreased nearly linearly from 5-30*0 (Figure 3), as 

1 0 did (Gly-Pro-Hyp)WW'-*W 7 (data not shown). The molar eUiptidties of the 
peptide-amphiphiles decreased gradually starting at around 30«4Q"C, with some 
traces of positive CD deteotable up to 80°C (Figure 3). The midpoint of the 
transitions <rj was found to be at 50 ± 5°C. The melting curve was fully 
reversible upon cooling. Although the change in ellipUcity was large, thermal 

15 transitions for the peptide-amphiphiles were broad, A broad transition is 

somewhat expected, as a mixture of amphiphile assemblies (monomers, micelles, 
vesicles, etc) of different sizes and stabilities were melted. These observations 
suggest that the (Gly-Pro-^pV/^-WKGiy-Pro-Hyp)* and 
(Cuk-QIu-CVCGly-Pro-Hyp^ structures consist of 

20 packed polyPm H-like helices, possibly triple-helical, and that the lipid tail 
remarkably enhanced the stability of this assembly. 

The structures of the collagen-model peptides and peptide-amphiphiles 
were further investigated by 2D 'H-NMR spectroscopy. The Pro and Hyp spin 
systems in TOCSY were identified by the lack of amide protons and reference to 

25 the chemical shifts of the side-chain proton* from other collagen-like peptides. 
The chemical shift of the Pro and Hyp aide-chain protons was sensitive to their 
conformation. At 10°C. the 'H-NMR spectra indicated that the Pro and Hyp 
residues of (Gly-Pro-HypV^-W>(aiy-Pro-Hyp) 4 were in a limited number of 
conformations, as expected for a compound with an ordered structure. The 

30 spectra of (Gly'fxc-^p^pV-HlHQly-Fto-liyp), at 50*C showed additional 
cross peaks at 4.85 ppm, indicating less ordered conformation at higher 

17 
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temperature, Some of these additional cross peaks are consistent with the 
multiple states that exist for the Pro residues within the [IV-H1J sequence when 
in a non-triple-helical conformation. Alter the 

(Gly-Pro-Hyp)r^-W /-(Gly-Pio-Hypfc peptide was lipidated with a C r » tail, 

5 similar NMR spectra were obtained. For example, 

(C, 1 ) l -Glu-C 2 .(Gly-Pro-Hyp),./^W;-C01y-Pio-Hyp)4 at 25 *C showed a few 
well defined cross peaks, indicating ordered conformation of the 
peptide^mphiphUe, Consistent with these CD observations, the NMR spectra of 
(C 13 ) J 01u-C J .(01y-Pro-Hyp) 1 -//^WKGIy-PrD"Hyp)4 al80°C indicated more 

1 0 disoidcr than at 25°C. Additional cross peaks were seen at 4.B5 ppm, in similar 
fashion to CGly«Pro-HypVr/r-/f/7-(01y -Pro-Hyp), at 50 ( C. Overall, the CD 
and NMR spectra of the (Gly-Pm-HypV/W- HWh -Pw-Hypfc peptide and 
the (C ll ) r Glu-Cr(01y-Pre-Hyp)r^-^7-( G1 y^ ro - H yP^ pcpti^-amphipWle 
suggested that both spontaneously formed a well-ordered poly-Pro H-like, 

15 possibly triple-helical, structure. Similar NMR spectra were obtained for the 
(C, t ) !i -Glu-C J - I 7^W7-(Gly-Pro.Hyp) < and 
(C„) J -Glu.C,-(Gly.Pro-Hyp) < ^-///;peptide-amphiphlles. 

Discussion 

20 The lipid hydrophobic interactions of the peptide-amphiphiles exert a 

significant influence on collagen-model structure formation and stabilization, 
For example, although the /7K-W;-(01y-Pro-Hyp)4 sequence has the potential of 
forming a triple-helix, it was reatiaed onfy in the amphiphilic compound. The 
triple-helix was also exceptionally stable when formed in the presence of the 

25 lipid modification. The difference in the denaturation temperatures between the 
structured (Gly-Pro-Hyp) r //K-ff//-(Gly-Prc-Hyp), peptide and the 
corresponding C„ peptide-amphiphile was about 1 S-20»C. The tight alignment 
of the TV-terminal amino acids achieved through the association of the lipid part 
of the molecule in a monolayer could be a simple and general tool for initiation 

30 of peptide folding. Model investigations with amphiphile monolayers mimic 
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this general building principle, T^peptide^mphiphile system piescnted here 
offers extraordinary flexibility with reftard to head group geometry and 
macroxnotecular structure. 

It will be appreciated by those skilled in the art that while the invention 
5 has been described above in connection with particular embodiments and 
examples, the invention is not necessarily so hmited and that numerous other 
embodiment examples, uses, modifications and departures from the 
embodiments, examples and uses are intended to be encompassed by the claims 
attached hereto. 
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1 , A pcjrtide-amphiphile complex comprising a lipophilic portion and a 
peptide portion, wherein the peptide portion has a secondary structure. 

5 2. The complex of claim 1 wherein the peptide portion comprises a cell 
recognition aite. 

3, The complex of claim 1 wherein the secondary structure is an a-helix 
or P-shcet 

10 

4. The complex of claim 1 wherein the secondary structure is a super- 
secondary structure, 

5, The complex of claim 4 wherein the super-secondary structure i» 

1 5 selected from the group consisting of a collagen-like triple helix, a pVo/p motif, a 
hairpin, and an whelical coiied-coil. 

6. The complex of claim 5 wherein the super-secondary structure w a 
collagen-like triple helix. 

20 

1. The complex of claim i wherein the peptide secondary structure is 
stable under physiological conditions. 

8. The complex of claim 7 wherein the melting temperature of the peptide 
25 portion is at least about 36°C. 

9. The complex of claim 1 wherein the lipophilic portion comprises two 
linear alkyl chains. 
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10. Hie complex of claim 9 wherein each alkyl chain has up to about 20 
carbon atoms. 

11. The complex of claim * wherein the lipophilic portion further 
5 comprises a trifunctional amino acid. 

12. The complex of claim 11 wheam the Afunctional amino acid is 
glutamaie, 

i 0 13, The complex of claim 1 wherein the peptide portion includes no 
greater than about 25 amino acid residues. 

14. The complex of claim 1 wherein the peptide portion comprises a 
collagen-like sequence. 

15 

15. Thecomplex of claim 14 wherein ihe peptide portion comprises the 
al(IV)1263-J277 collagen sequence Gly-Val-Lys-Gly-Aap-Lys-Gly. 
Aan-Pro-Gly-Tip-Pio-Gly-Ala-Pro (SEQ. ID NO:1). 

20 16. The complex of claim I wherein the peptide portion comprises an 
alpha-helical forming sequence. 

17. Thecomplex of claim 1 wherein the peptide portion comprises one or 
more structure-inducing sequences. 

25 

18. The complex of claim 17 wherein the structure-inducing sequences 
comprise Gly-Pro-Hyp repeats or Oly-Pro-Pro repeats. 

1 9. The complex of claim 1 which is the form of a vesicle. 
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20. The complex of claim 1 which is in the form of a micelle. 

21 . A peptide-amphiphile complex comprising a lipophilic portion and a 
peptide portion* wherein the peptide portion has a secondary structure, the 

5 complex having the Mowing structure: 




;cly-PwHyp) m -lj»ptWeKOly-Pro.Hyp)„ 



wherein; 

(a) R 1 and R 2 are each independently C w -C w hydrocarbyl groups; 
10 (b) m - 04 and n - 0-4; and 

(c) the [peptide] refers to a collagen-like sequence or an alpha-helical 
forming sequence. 

22. The complex of claim 21 wherein each R' and R l are independently 
15 C I3 -C IS hydrocarbyl groups. 

23 . The complex of claim 21 wherein at least one of ro or n is 4. 

24. The complex of claim 21 wherein Ihe [peptide] rerera to a collagen-like 
20 sequence. 

25. The complex of claim 24 wherein the [peptide] refers to the 
a 1(IV)1 263-1277 collagen sequence Gly-Val-Lys-Gly-Asp-Lys-Gly. 
Am-Pro-Gly-Trp-Pro-Gly -Ala-Pm (SEQ. ID NO: 1 ). 
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26. The complex of claim 21 which is in the form of a vesicle. 

27. Thecomplexofclaim21 which is in the fomi of a micelle 

5 28. A peptide-arnphiphile complex comprising a lipophilic portion and a 
peptide portion, wher ein the peptide poition has a secondary structure, the 
complex having the following structure: 

0 T I 

' N V N /\X S S01y-Pr(>-Hyp) m -lpeptid«]-(Gly-Pto-Hyp)n 




wherein: 

10 (a) R' and R? are each independently C n -C« hydrocarhyl groups; 

(b) m = 0-4 and n - 0-4; with the proviso that at least one of m or n is 4; 
and 

(c) the [peptide] refers to the at(lV)1263-1277 collagen sequence 
Gly-Val-Lys.Qly-Asp-Ly8-01y-Asn-Pro-Oly'Trp-PP>Gly.Ala-Pro 

15 (SEQ.IDNO:!). 
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